Growth retardation is a constant feature of Noonan syndrome (NS) but its physiopathology remains poorly understood. We previously reported that hyperactive NS-causing SHP2 mutants impair the systemic production of insulin-like growth factor 1 (IGF1) through hyperactivation of the RAS/extracellular signal-regulated kinases (ERK) signalling pathway. Besides endocrine defects, a direct effect of these mutants on growth plate has not been explored, although recent studies have revealed an important physiological role for SHP2 in endochondral bone growth. We demonstrated that growth plate length was reduced in NS mice, mostly due to a shortening of the hypertrophic zone and to a lesser extent of the proliferating zone. These histological features were correlated with decreased expression of early chondrocyte differentiation markers, and with reduced alkaline phosphatase staining and activity, in NS murine primary chondrocytes. Although IGF1 treatment improved growth of NS mice, it did not fully reverse growth plate abnormalities, notably the decreased hypertrophic zone. In contrast, we documented a role of RAS/ERK hyperactivation at the growth plate level since 1) NS-causing SHP2 mutants enhance RAS/ERK activation in chondrocytes in vivo (NS mice) and in vitro (ATDC5 cells) and 2) inhibition of RAS/ERK hyperactivation by U0126 treatment alleviated growth plate abnormalities and enhanced chondrocyte differentiation. Similar effects were obtained by chronic treatment of NS mice with statins. In conclusion, we demonstrated that hyperactive NS-causing SHP2 mutants impair chondrocyte differentiation during endochondral bone growth through a local hyperactivation of the RAS/ERK signalling pathway, and that statin treatment may be a possible therapeutic approach in NS.
Introduction
Noonan syndrome (NS; MIM # 163950) is a relatively common genetic disorder characterized by growth retardation, heart defects (i.e. pulmonary valve stenosis and hypertrophic cardiomyopathy), developmental delay/learning disability, and predisposition to myeloproliferative disorders (1) (2) (3) . These features are shared with related syndromes, notably NS with multiple lentigines (NS-ML; MIM # 151100), NS with loose anagen hair (NS-LAH; MIM # 607721), cardiofaciocutaneous syndrome (CFCS; MIM # 115150), Costello syndrome (CS; MIM # 218040), neurofibromatosis type 1 (NF1; MIM # 162200), and Legius syndrome (LS; MIM # 611431). All of these syndromes are caused by germline mutations in genes encoding components or regulators of the RAS/extracellular signal-regulated kinases (ERK) cascade. This signalling pathway plays key roles in development and homeostasis by regulating various cellular processes (e.g. proliferation, differentiation, and survival) to adapt cell fate in response to its environment (e.g. sensing of growth factors and hormones) (3, 4) . This group of disorders is now termed RASopathies (4) and constitutes one of the largest groups of multiple congenital anomaly diseases known.
About half of NS patients have a missense mutation in the protein-tyrosine phosphatase non-receptor type 11 (PTPN11) gene, which encodes the Src-homology 2 domain-containing tyrosine phosphatase 2 (SHP2) (5) . SHP2 is a widely expressed tyrosine phosphatase that is involved in organism development and homeostasis by controlling major growth factors/hormonetriggered signalling pathways, notably the RAS/ERK pathway. NS-causing PTPN11 mutations cause hyperactivation of SHP2 catalytic activity and are thus gain-of-function mutations, leading to enhanced RAS/ERK activation. Several studies in NS animal models have demonstrated that this hyperactivation underlies the development of heart, craniofacial defects, and cognitive deficits observed in NS (6) (7) (8) (9) (10) .
Short stature, found in 80% of patients, is a major concern in NS, but its pathophysiology is still poorly understood (1) (2) (3) . In vertebrates, the longitudinal growth of long bones is determined through endochondral ossification at the growth plate level (11) . During this process, chondrocytes, derived from the condensation of undifferentiated mesenchymal cells, proceed through a series of proliferation and differentiation steps. First, small chondrocytes rapidly divide and form columns in the proliferating zone. Subsequently, in the pre-and earlyhypertrophic zone, chondrocytes undergo hypertrophic differentiation, characterized by their enlarged cell size and the synthesis of collagen type 10 (COL10), which is then calcified by enzymes such as alkaline phosphatase (ALP). In the latehypertrophic zone, terminally differentiated chondrocytes undergo apoptosis, and the cartilaginous calcified matrix is degraded, through the simultaneous action of matrix metalloproteinase (MMPs) and the invasion of blood vessels, along with osteoclasts, and replaced by bone. Endochondral ossification is highly regulated by multiple hormones, paracrine factors, and extracellular matrix molecules. The growth hormone (GH)/insulin-like growth factor 1 (IGF1) axis is one of the main endocrine system that regulates endochondral bone growth. GH acts on the growth plate both indirectly, by regulating hepatic IGF1 production and serum levels of IGF1, and also directly, in part through local IGF1 production (12) . Several clinical surveys have revealed that NS patients display GH insensitivity, associating high GH levels and low IGF1 levels (13, 14) . Consistent with these findings, we provided evidence that NScausing SHP2 mutants impair the systemic production of IGF1 through hyperactivation of the RAS/ERK signalling pathway. Interestingly, inhibition of RAS/ERK activation by a specific inhibitor promotes an increase of IGF1 levels in vitro and in vivo, which is associated with a significant growth improvement in NS mice (15) .
Besides endocrine defects, a direct effect of NS-causing SHP2 mutants on the growth plate has not been explored to date, although recent studies have revealed an important physiological role for SHP2 in endochondral bone formation. Thus, conditional Ptpn11-deficient mice develop severe growth plate and bone abnormalities (16) (17) (18) (19) (20) (21) . Moreover, in human, germline inactivating mutations of PTPN11 have been described in metachondromatosis, a rare inherited disorder associating multiple exostoses and enchondromas (22) .
The present study aimed to evaluate, for the first time, the impact of hyperactive NS-associated SHP2 mutants on endochondral ossification and to determine the respective contribution of IGF1 deficiency and RAS/ERK hyperactivation.
Results

NS mice display homogeneous postnatal growth retardation without bone deformity
A mouse model of NS carrying a missense mutation of Ptpn11 (Ptpn11 D61G/þ , NS mice) and their wild-type littermates (Ptpn11 þ/þ , WT mice) were compared. To avoid potential interference of gender, only male mice were investigated. First, we measured the weight and the anal-nasal length of NS mice and their WT littermates from 1 to 4 weeks of age. Compared with WT mice, NS mice exhibited decreased weight and body length by 2 weeks of age, which continued for at least 4 weeks of age (Fig. 1A ), in agreement with previous reports (15) . The difference in length between WT and NS mice worsened with age, being 6% at 2 weeks of age and reaching 10% at 4 weeks of age. Gross images and Faxitron X-ray images showed smaller skull length and homogenous growth retardation affecting the axial as well the appendicular skeleton, without obvious bone deformity (Fig. 1B and C) .
Growth plate length is reduced in NS mice mostly due to a shortening of the hypertrophic zone To investigate the mechanisms underlying growth retardation in NS mice, we next focused our analyses on epiphyseal growth plates. The histology of growth plates of proximal tibiae from 4-week-old NS mice and their WT littermates was examined after Alcian Blue and COL10 staining.
Histological analysis revealed a normal organization of the growth plate with columnar structures in the proliferating zone (PZ) and enlarged chondrocytes in the hypertrophic zone (HZ) in NS mice ( Fig. 2A and B) . However, measurements revealed that the length of the growth plate was significantly shorter in NS mice compared with their WT littermates, mostly due to a decrease of the length of the hypertrophic zone, and to a lesser extent of the proliferating zone (Fig. 2C) .
The decrease in the length of the hypertrophic zone observed in NS mice could be the result of a reduced pool of proliferating chondrocytes, impaired chondrocyte differentiation, or increased chondrocyte apoptosis. We therefore analyzed these different processes.
Chondrocyte proliferation, assessed by immunohistochemistry using an antibody against proliferating cell nuclear antigen (PCNA), was similar between WT and NS mice ( Fig. 2D and E) . Similarly, chondrocyte apoptosis, assessed by TUNEL analysis, was extremely limited and did not differ between WT and NS mice (Fig. 2F ).
Chondrocyte differentiation is impaired in primary chondrocytes from NS mice
To explore chondrocyte proliferation and differentiation in vitro, we next evaluated the transcriptional changes that occur when chondrocytes mature from proliferating to hypertrophic stages (17) . For this, quantitative RT-PCR analysis was performed on RNA from primary murine chondrocytes, isolated from WT and NS mice, at baseline and after 7 days of differentiation with ascorbic acid.
As expected, during the differentiation process of WT primary chondrocytes, expression of markers associated with the proliferating stage (Sox9, Col2a1, and Acan) decreased (Fig. 3A-C) whereas those of the pre-(Ihh, Runx2, Pthr1) ( Fig. 3D-F ) and early-(Alpl) (Fig. 3G and H) hypertrophic stages increased. In NS primary chondrocytes, transcripts for structural protein associated with the proliferating stage (Col2a1 and Acan) also decreased during the differentiation and were decreased to a slightly greater extent compared with WT primary chondrocytes; however, there was no significant difference in the expression of the transcription factor Sox9. In contrast, expression of transcripts associated with the preand early-hypertrophic stages was significantly lower in NS chondrocytes at baseline and during differentiation ( Fig. 3D-H ). In the late hypertrophic-stage, we evaluated the expression of Mmp13, a major metalloproteinase responsible for matrix degradation, and the expression of vascular endothelial growth factor-A (Vegfa), which promotes capillary invasion into the cartilaginous matrix. A trend of decreased expression of Mmp 13 and increased expression of Vegfa in NS primary chondrocytes was observed, but this did not reach statistical significance ( Fig. 3I and J) . Similarly, the expression of Rankl, which stimulates the formation of osteoclasts, tended to be increased in NS primary chondrocytes but without reaching statistical significance (Fig. 3K ).
To further evaluate the impact of NS-causing SHP2 mutant on chondrocytes, we next performed functional assays in vitro. Firstly, to investigate chondrocyte proliferation, primary chondrocytes from WT and NS mice were cultured in the presence of fibroblast growth factor 2 (FGF2), a paracrine factor that plays an important role in endochondral ossification, and the proliferation rate was evaluated by the counting of the total cell number on the one hand and by the incorporation of 5-ethynil-2 0 -deoxyuridine (EdU, a cell proliferation marker incorporated in cells Values are means 6 SEM. Significant statistical differences between groups: **P<0.01, *P<0.05 (two-tailed Student's t-test). during the S-phase of the cell cycle) into DNA in the other hand.
We observed a similar growth rate between WT and NS primary chondrocytes (Fig. 4B) . Next, to investigate chondrocyte differentiation, we measured ALP staining and activity, which are markers of chondrocyte hypertrophy, in primary murine chondrocytes cultured in differentiation medium with ascorbic acid for periods of time up to 21 days. ALP staining was markedly decreased in NS chondrocytes (Fig. 4C) ; this was evident as early as day 7 and persisted throughout the overall time-course. Similarly, ALP activity was significantly decreased from baseline to 21 days of differentiation (Fig. 4D) .
Taken together, these data suggest that expression of NS-causing SHP2 mutant impairs chondrocyte differentiation during endochondral ossification. (D) ALP activity was determined by fluorometric method using p-nitrophenol-phosphate as a substrate, and normalized to the total DNA content of each sample. ALP activity was significantly decreased in NS chondrocytes compared to WT chondrocytes. Values are means 6 SEM. The statistical significance of fold changes was determined using a two-way repeated-measures ANOVA for comparison between T0 and T7 and a two-tailed Student's t-test for comparison between WT and NS primary chondrocytes. Significant statistical differences between groups: ***P<0.001, **P<0.01, *P<0.05.
NS-causing SHP2 mutants enhance RAS/ERK activation in chondrocytes in vivo and in vitro
Given the central role of RAS/ERK hyperactivation in the pathophysiology of NS and other RASopathies, we next evaluated if NS-associated SHP2 mutant alters RAS/ERK activation in chondrocytes in vivo and in vitro. First, we assessed RAS/ERK activation in vivo on histologic sections of growth plates by immunohistochemistry using an antibody against phosphoERK1/ 2. Interestingly, significantly increased ERK1/2 phosphorylation was observed in the hypertrophic chondrocytes of NS mice compared with those of WT littermates ( Fig. 5A and B) . We then monitored ERK1/2 phosphorylation in vitro in ATDC5 cells, a standard model for chondrocytes, expressing WT SHP2 or the D61Del NS-causing SHP2 mutant, a strong mutant which is closely related to the D61G allele borne by the NS mouse model. These cells were stimulated with FGF2 or GH. We found that the NS-causing SHP2 mutant significantly enhanced FGF2-and GHinduced ERK1/2 phosphorylation in comparison to WT SHP2. This was observed despite the much lower expression of the D61del mutant (Fig. 5C ). In contrast, neither STAT5 nor AKT with 400 ng/ml GH or 10 ng/ml FGF2 for the indicated times, lysed, and probed by western-blot analysis to determine the level of ERK1/2 phosphorylation with an antiphospho-ERK1/2 antibody. Note the exposure time was much more important for GH than for FGF2, explaining the detection of bands under unstimulated conditions. Membranes were reprobed with anti-SHP2 and anti-tubulin antibodies to verify SHP2 expression and loading homogeneity. Results from three independent experiments were quantified using ImageJ software and expressed as means 6 SEM. Only significant differences versus WT cells for the corresponding time are indicated: ***P<0.001, **P<0.01, *P<0.05 (two-tailed Student's t-test).
phosphorylation induced by FGF2 or GH was significantly modified in the presence of NS mutant (data not shown).
These results suggest that NS-causing SHP2 mutants have a prominent dominant-positive effect on ERK1/2 activation in chondrocytes in vitro and in vivo.
NS-causing SHP2 mutants have a direct IGF1-independent effect on endochondral ossification through RAS/ERK hyperactivation
We previously reported that NS-causing SHP2 mutants impair the systemic production of IGF1 through a hyperactivation of the RAS/ERK signalling pathway and that inhibition of RAS/ERK activation is associated with a significant growth improvement in NS mice (15) . We therefore investigated whether IGF1 supplementation or RAS/ERK inhibition could reverse growth plate abnormalities in NS mice. To this aim, we examined the histology of growth plates of proximal tibiae from 4-week-old NS mice and their WT littermates treated from 1 to 4 weeks of age with IGF1 or U0126, a selective inhibitor of MEK (the upstream ERK1/2 kinase), that blocks ERK1/2 phosphorylation and activation.
Interestingly, growth retardation of NS mice was partially corrected by IGF1 and U0126 treatments (Fig. 6A) . However, histology of the growth plate revealed that IGF1 treatment led to an increase of the length of the proliferating zone without correcting the decreased hypertrophic zone, suggesting that IGF1 deficiency is not the unique mechanism responsible for growth plate defects in NS (Fig. 6B and Supplementary Material, Fig. S1 ). In contrast, U0126 treatment restored the length of the growth plate, by simultaneously increasing the length of the proliferating and hypertrophic zones (Fig. 6B and Supplementary  Material, Fig. S1 ).
To further explore the effect of U0126 treatment on chondrocyte differentiation, we next evaluated ALP expression and activity in primary murine chondrocytes cultured in differentiation medium supplemented or not with U0126. We observed that this treatment restored ALP expression and activity in NS primary chondrocytes (Fig. 6C and D) .
These data suggest that NS-causing SHP2 mutants likely have a direct IGF1-independent effect on endochondral ossification through RAS/ERK hyperactivation.
Statin treatment is associated with a significant improvement of impaired chondrocyte differentiation in vivo and in vitro Recently, it has been reported that 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, also known as 'statins', can correct growth retardation and growth plate abnormalities in a mouse model of achondroplasia, a skeletal dysplasia associated with hyperactivation of RAS/ERK signalling at the growth plate level (23) . We next investigated whether statin treatment may also improve endochondral bone growth in NS mice. To test this hypothesis, NS mice were treated with daily intraperitoneal injections of rosuvastatin from 1 to 4 weeks of age as previously described (23) . Quite interestingly, statin treatment significantly improves growth of NS mice (Fig. 7A ) and restored the length of the hypertrophic zone growth plate ( Fig. 7B and Supplementary Material, Fig. S2 ).
We next assessed the effect of statin treatment on chondrocyte differentiation in vitro by evaluating ALP expression and activity in primary murine chondrocytes cultured in differentiation medium with lovastatin treatment. Interestingly, we observed that this treatment restored ALP expression and activity in NS primary chondrocytes ( Fig. 7C and D) .
These data suggest that statin treatment may be a possible therapeutic approach in NS.
Discussion
In this study, we demonstrated that hyperactive, NS-causing SHP2 mutants impair ERK-dependent differentiation of chondrocyte during endochondral bone growth, a phenomenon partially restored by MEK inhibitor and statin treatments.
First, we found that growth retardation in NS mice was mostly due to an impairment of chondrocyte hypertrophic differentiation, as suggested by the decrease in the length of the hypertrophic zone on histological studies, the lower expression of transcripts associated with the pre-and early-hypertrophic stages, and the decreased alkaline phosphatase staining and activity during the differentiation of NS primary murine chondrocytes. Concerning the effect of NS-causing SHP2 mutants on chondrocyte proliferation, it was more difficult to conclude, the results depending on the techniques used. Indeed, decreased NS chondrocyte proliferation was suggested by the significant decrease in the length of the proliferating zone and the significant reduction of expression of some markers associated with the proliferative stage (Acan and Col2a1). In contrast, chondrocyte proliferation, assessed by PCNA immunostaining on histological sections and the proliferation rate of primary chondrocytes in vitro, was similar between WT and NS. These apparent discrepancies might be explained by the fact that reduced basal expression of some, but not all, markers of the proliferative stage may not be sufficient to impair chondrocyte proliferation in vitro. Moreover, additional defective mechanisms and/or signals may occur in vivo, resulting in reduced chondrocyte proliferation. In particular, IGF1 deficiency probably explains, at least in part, the reduced proliferative zone in NS, as it is corrected by IGF1 supplementation.
These findings mirror the histologic abnormalities found in different mouse models with PTPN11 inactivation. Indeed, expanded proliferating and hypertrophic zones have been reported in different mouse models with induced global deletion of Ptpn11 (16), inducible deletion of Ptpn11 in chondrocytes (17, 19, 21) , or constitutive deletion of Ptpn11 in mesenchymal stem cells, the immediate precursors of chondrocytes (24) . Moreover, our data suggest that hyperactive, NS-causing SHP2 mutant impairs chondrocyte early differentiation during endochondral ossification. This is consistent with previous reports suggesting that SHP2 negatively regulates the early maturation of chondrocytes and positively regulates their terminal differentiation (17, 21) .As a limitation of this study, we cannot rule out the possibility that hyperactive SHP2 mutants in cells other than chondrocytes also contribute to the aberrant skeletal growth of NS mice. A conditional expression of NS-causing SHP2 mutants specifically in hypertrophic chondrocytes would be helpful in addressing these possibilities.
We previously reported that NS-causing SHP2 mutants lead to impaired IGF1 production, which could contribute to growth retardation (15) . Consistent with this notion, IGF1 supplementation improved growth velocity in NS mice. However, in our study, IGF1 treatment of NS mice increased the length of the proliferating zone without modifying the hypertrophic zone abnormalities. This is in accordance with the known action of IGF1 on the growth plate. Thus, mouse mutants lacking GH receptor, IGF1, or both display growth retardation mainly caused by decreased proliferation of chondrocytes (25) . In contrast, increased GH signalling, caused by deletion of a negative regulator of GH signalling (SOCS2) leads to an expansion of the proliferating zone and subsequently the hypertrophic zone (26) . These data could account for the limited efficacy of GH treatment on growth in NS patients (27) . Indeed, GH treatment by increasing IGF1 levels probably stimulates the proliferation of chondrocytes but does not correct the abnormal chondrocyte differentiation.
As previously described in the pathophysiology of other defects associated with NS (i.e. heart, craniofacial defects, and cognitive deficits) (6) (7) (8) (9) (10) , the hyperactivation of the RAS/ERK pathway appears to be crucial in the development of growth plate abnormalities. Thus, we demonstrated that expression of NS-associated SHP2 mutant results in ERK1/2 hyperactivation in chondrocytes in vitro and in vivo and that inhibition of ERK1/2 activation can alleviate the defective chondrocyte differentiation. In our study, it is important to note that growth retardation in NS mice was partially rescued by U0126 MEK inhibitor. However, this inhibitor, which has been used in previous studies (7, 8, 15) , has a very short half-life and it is likely that MEK inhibitors with longer half-life would have a stronger effect. These findings are consistent with the key role of RAS/ERK signalling pathway in the process of endochondral ossification. Indeed, decreased chondrocyte hypertrophy, related to impaired differentiation, has been reported in different mouse models with overexpression of a constitutively active mutant of MEK in chondrocytes (28) or undifferentiated mesenchymal cells (29) , as well as in a mouse model deficient for NF1 (another RASopathy), a negative regulator of RAS/ERK activation (30) . In contrast, in a manner similar to SHP2 depletion, the inhibition of RAS/ERK activation leads to an increase of early differentiation and a decrease in terminal differentiation, and is associated with enchondroma-like lesions (17, 21, 29, 31, 32) . Moreover, the growth plate abnormalities observed in NS mice are reminiscent of, although less severe than, those found in achondroplasia, a common skeletal dysplasia related to gain-offunction mutation in the fibroblast growth factor receptor 3 gene (FGFR3). In achondroplasia, the constitutive activation of the tyrosine kinase activity of the receptor results in a prolonged activation of RAS/ERK signalling, which is involved in the inhibition of chondrocytes proliferation and differentiation in the growth plate (33) .
Beside growth retardation, one may wonder whether abnormal endochondral ossification could be responsible for the reduced length of the skull observed in NS mice. In fact, since the base of the skull develops from cartilage structures by endochondral ossification, similar defects could occur, although our study did not address this question. In contrast, development of flat bones of the skulls relies on intramembranous ossification, which is achieved through distinct mechanisms. In intramembranous ossification, mesenchymal cells differentiate directly into osteoblasts whereas in endochondral ossification mesenchymal cells first differentiate into chondrocytes which are secondarily replaced by osteoblasts. However, these two distinct processes share similar regulation, notably through RAS/ERK signalling pathway. Thus, it has been reported that sustained ERK1/2 activation in NS mouse is associated with delayed ossification of frontal bones caused by a lack of osteogenic differentiation (7) . Further studies will be necessary to understand the relative contribution of these different mechanisms in NS-associated craniofacial defects.
Given the role of RAS/ERK activation in the pathophysiology of NS and other RASopathies, therapeutic strategies aiming to reduce this activation seem to be very promising. Such treatment could correct growth abnormalities (at the hormonal and also growth plate levels) and also other noncongenital features of NS such as developmental delay and progressive heart defect (i.e. hypertrophic cardiomyopathy). Recently, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, also known as 'statins', which are widely used to treat hypercholesterolemia in humans, have been suggested as a potential therapy for RASopathies. Indeed, RAS activation requires farnesylation which allows RAS to anchor to the plasma membrane where it can be activated by RAS GTPase exchange factor (GEF). Since cholesterol is an obligate precursor of farnesyl, statins, which decrease cholesterol synthesis, may reduce RAS activity. Studies have shown that lovastatin can inhibit RAS farnesylation and activity and restore ERK-dependent learning and attention deficits in a mouse model of NF1 (10, 34, 35) . This treatment has also been assessed in two randomized, double-blind, placebo-controlled trials for the treatment of cognitive deficits and behavioural problems in children with NF1 with no significant or minor effects, but good tolerance (36, 37) ; however, the children were aged 8-16 years, so a therapeutic benefit in younger children cannot be excluded. It has also been reported that statin treatment can correct growth retardation and growth plate abnormalities in a mouse model of achondroplasia, a skeletal dysplasia associated with hyperactivation of RAS/ERK signalling at the growth plate level (23) . Interestingly, in a randomized, double-blind, placebo-controlled study conducted to evaluate efficacy and safety of statin therapy in 173 children of average height with familial hypercholesterolemia, the gain in height (albeit non-significant) was greater in patients receiving statins compared to those receiving the placebo (38) . Finally, statins may also have a beneficial effect on bone regeneration (39) and a protective effect against cartilage degradation (40, 41) .
In our study, we demonstrated that statin treatment improves growth of NS mice and chondrocyte differentiation in vivo and in vitro. Further investigations are needed to investigate the effect of statin on RAS/ERK signaling pathway.
Conclusion
Our study helps to better understand how hyperactive, NScausing SHP2 mutants alter endochondral bone growth, thereby contributing to growth retardation, which could lead to the development of novel therapies for the treatment of growth delay in NS patients, one of those being the use of statins.
Materials and Methods
Mouse studies
A mouse model of NS carrying a missense mutation of Ptpn11 (Ptpn11 D61G/þ mice) was used. The heterozygous mice have already been described for developing all the features of the human disease, including growth retardation (15, 42) . Ptpn11 D61G/þ mice were generated and genotyped as previously described (15, 42 X-ray analysis X-ray images of the entire skeletons, skulls, and lower legs were taken with a Faxitron X-ray system (Faxitron Bioptics, AZ).
Histology and immunohistochemistry
For histological analysis, the left tibiae from 4-week-old mice were dissected and fixed overnight in 4% neutral buffered formalin, decalcified in 10% EDTA, pH 7.4, for 21 days with regular changes, dehydrated, and embedded in paraffin wax using standard procedures. Paraffin sections (3mm) of the proximal tibiae were stained with hematoxylin and eosin (HE), and alcian blue. For growth plate measurements, the widths of the proliferating (from the start of chondrocyte columns to the first enlargement of flattened cells) and hypertrophic (from the first enlargement of flattened cells to the chondro-osseous junction) zones were measured in a blinded manner at 10 different sites along two stained sections from each growth plate.
Immunohistochemistry was performed according to the manufacturer's instructions using an antibody against collagen type 10 (monoclonal mouse; Bioscience), proliferating cell nuclear antigen (PCNA, PC10 monoclonal mouse; Dako), and dually phosphorylated forms of extracellular signal-regulated kinases 1 and 2 (ERK-1 and ERK-2, 44 and 42 kDa, respectively, mouse IgG1 isotype; Sigma).
A kit for the detection of apoptotic cells (ApopTagPeroxidase In situ Apoptosis Detection; Millipore) was used according to the manufacturers' instructions. Immunohistochemistry measurements were performed using the Imagequant Analysis System (3DHistech, Sysmex, Hungary).
Isolation, culture, and differentiation of murine primary chondrocytes
Murine primary chondrocytes were isolated according to previously published protocol (43) . Briefly, costal cartilages from 7-day-old mice were dissected, washed in PBS, and digested overnight with collagenase D (Roche). Then, cells aggregates were dispersed and the suspension of isolated cells was filtered through a sterile 48 lm membrane, centrifuged, washed with PBS and resuspended in DMEM with L-glutamine, supplemented with 1% penicillin-streptomycin solution and 10% fetal bovine serum.
Chondrocytes were seeded on a culture dish at a density of 25Â10 3 cells cm À2 and the medium was changed every 2 days.
To induce differentiation, after confluence was achieved by days 6-7, cells were cultured with 50 mg/ml ascorbic acid (Sigma) for 21 days. To test the effect of RAS inhibition or statins on chondrocyte differentiation, cells were cultured in the presence or absence of U0126 (10 lM, Cell Signalling) or lovastatin (1 lM, Biovision) added to the culture medium for 7 days.
Cell proliferation assay
Primary murine chondrocytes were seeded at a number of 50Â10 3 cells in 12-well plates and cultured in the presence of 10 ng/ml FGF2 (Sigma-Aldrich). Chondrocyte proliferation rate was determined by the counting of the total cell number and also by the incorporation of EdU (an alternative to bromodeoxyuridine for measuring new DNA synthesis) into DNA, using a Click-iT EdU microplate assay kit (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. The incorporated EdU in DNA was coupled to Oregon Green-azide and then detected using a horseradish peroxidase-conjugated anti-Oregon Green antibody and Amplex UltraRed. The fluorescence [expressed as relative fluorescence units (RFU)] was detected at an excitation/emission wavelength of 490/585 nm and was taken as the cell proliferation rate.
Alkaline phosphatase staining and activity
Primary chondrocyte cultures were stained for alkaline phosphatase (ALP) as previously described (44) . Briefly, chondrocyte cultures were washed with PBS and fixed in 10% formalin for 2 h at room temperature. After a 15-min incubation in highly pure water, cells were stained with an ALP substrate containing 0.1 mg/ml naphthol AS-MX phosphate (Sigma Aldrich), 0.5% N,N-dimethylformamide (Sigma Aldrich), and 0.6 mg/ml Red Violet LB salt (Sigma Aldrich) in 0.2 M Tris-HCl (pH 8.3) for 45 min in the dark. Then, cells were washed and air-dried before visualization. All images were captured using the Leica EC3 microscope and Leica Application Suite V3 Software. ALP activity was determined by fluorometric method with pnitrophenol-phosphate used as the substrate, as described previously (45) . Briefly, primary chondrocyte cultures were washed with PBS and lysed with 0.2% NP40. ALP activity was measured by incubating cell lysates with the p-nitrophenol phosphate (Sigma). The reaction was terminated by the addition of NaOH and absorbance was measured at 410 nm. Values were normalized for total DNA, which was quantified by the picogreen assay (Invitrogen); ALP activity was expressed as nmol of product/ min/lg of DNA to correct for cell number differences.
Quantitative RT-PCR
Reverse transcription was performed with 1mg of total RNA using M-MLV (Promega), and 25mM Hexamers (Fermentas), in a 20-ml final reaction volume, according to the manufacturer's protocol. Quantitative RT-PCR was performed by using LightCycler 480 DNA SYBR Green I Master reaction mix (Roche Lifescience) with primers (Supplementary Material, Table S1 ) designed by using the QuantPrime (46) or the Universal ProbeLibrary Assay Design Center (Roche Lifescience). Reactions were carried out in duplicate on a 96-well. The amplification program consisted of an initial denaturation at 95 C for 5 min, followed by 40 cycles of denaturation (95 C, 10 s)/elongation (60 C, 40 s) using the LightCycler V R 480 System. The reference gene tubulin was used for normalization, and the 2 ÀDDCt method was used for quantification.
Cell culture and stimulation
Chondrogenic ATDC5 cells were cultured at 37 C in a humidified atmosphere of 5% CO 2 in DMEM/Ham's F-12 GlutaMAX medium (Gibco), supplemented with 5% (vol/vol) fetal bovine serum and antibiotics. Cells were seeded in 35-mm dishes, incubated 6 h in serum-free medium, then stimulated or not with 400 ng/ml growth hormone (norditropine; NovoNordisk) or 10 ng/ml FGF2 (Sigma-Aldrich) during indicated times, rinsed with ice cold PBS, and processed for western-blot analysis.
Adenoviral infection
Generation of recombinant adenoviruses has been previously described (47) . Briefly, bicistronic adenovectors encoding green fluorescent protein (GFP) and SHP2-WT or -D61Del were obtained by subcloning the corresponding V5-tagged SHP2-encoding construct into the pTrack-CMV vector. Recombinant adenovectors were then obtained using the pAdEasy homologous-recombination system, followed by plaque purification, expansion, and titration in HEK293 cells. For transduction of ATDC5 cells, adenoviruses were mixed with 0.5 lg/ml poly-L-lysine for 90 min in DMEM Ham's F-12 GlutaMAX medium. Cells were then incubated with this mixture for 2 h at a multiplicity of infection (MOI) of 2500.
Western blots
Lysate aliquots containing identical amounts of protein (BioRad) were diluted in Laemmli's sample buffer, boiled, and processed for immunoblotting by using a standard procedure. Antibodies used were as follows: polyclonal anti-SHP2 (Santa Cruz) and HRP-conjugated secondary antibodies, and monoclonal anti-phospho ERK1/2, anti-a-tubulin, all from Sigma. Blots were revealed by chemiluminescence on a Chemidoc Apparatus (Bio-Rad).
Statistics
All data are expressed as mean 6 SEM. Unless otherwise indicated, statistical significance was determined by using paired or unpaired two-tailed Student's t-test, with Welch correction in the case of unequal variances, two-way ANOVA with Bonferroni post hoc test, or two-way ANOVA with repeated measures, as appropriate. Throughout the study P < 0.05 was considered significant (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). Calculations were performed using the GraphPad Prism software, version 6 for Mac OS X (GraphPad Software, Inc., CA).
Supplementary Material
Supplementary Material is available at HMG online.
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